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ABSTRACT
The nearby main sequence star β Pic is surrounded by an edge-on disk of dust produced by the
collisional erosion of larger planetesimals. Here we report the discovery of substructure within the
northeast extension of the disk midplane that may represent an asymmetric ring system around
β Pic. We present a dynamical model showing that a close stellar flyby with a quiescient disk of
planetesimals can create such rings, along with previously unexplained disk asymmetries. Thus
we infer that β Pic’s planetesimal disk was highly disrupted by a stellar encounter in the last
hundred thousand years.
Subject headings: circumstellar matter—planetary systems—stars: individual (β Pic)
1. INTRODUCTION
Circumstellar dust disks around nearby stars
provide strong indirect evidence for the existence
of planetesimals in exosolar systems. Radiation
pressure, Poynting-Robertson drag, collisions, and
sublimation remove dust orbiting young main se-
quence stars on timescales 102 - 103 times shorter
than the stellar ages (Backman & Paresce 1993).
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Therefore we infer that larger parent bodies exist
and replenish dust in the same way that comets
and asteroids resupply interplanetary grains in the
Solar System.
We expect that an undisturbed system of many
bodies orbiting a star will have an axially sym-
metric distribution. Over large (102 AU) scales,
however, the northeast (NE) side of the β Pic disk
is not a mirror image of the southwest (SW) side
(Kalas & Jewitt 1994, 1995). Beginning at ∼200
AU (10”) projected radius, the NE disk extension
is brighter, longer, and thinner than the SW exten-
sion by roughly 20%. Asymmetry is also evident in
the disk vertical height; in the SW the disk height
is greater north of the midplane than to the south,
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whereas the opposite is true in the NE extension.
The timescale for smoothing such asymmetries is
controlled by the orbital period, and it is there-
fore short relative to the age of the star. Hence
the observed asymmetries must be young.
Gravitational perturbation by a brown dwarf
companion (Whitmire et al. 1988) or a close stel-
lar flyby (Kalas & Jewitt 1995) has been suggested
as one possible mechanism for generating large-
scale disk asymmetry. However, no stellar object
physically associated with β Pic has yet been iden-
tified. The key problem in identifying a candi-
date perturber near β Pic is that the star is bright
(V=+3.8 mag). Even when we artificially eclipse
β Pic using a coronagraph, spurious instrumental
features that resemble both stars and extended ob-
jects dominate optical images. However, data ob-
tained at different telescopes with different instru-
ments have different instrumental noise signatures.
We therefore search for the faintest real objects in
β Pic’s field using optical data from multiple tele-
scopes and instruments.
2. OBSERVATIONS AND RESULTS
Table 1 summarizes the observational data for β
Pic. The Hubble Space Telescope (HST) Archive
data consist of WFPC2 CCD images with the β
Pic disk oriented along either the Planetary Cam-
era (PC) or the Wide Field Cameras (WFC). The
ground-based observations and data reduction
techniques are described in earlier work (Kalas
& Jewitt 1995; Smith & Terrile 1984). Here we
note that sensitivity to faint objects is hampered
by β Pic’s bright point spread function (PSF) and
light from the circumstellar dust disk itself. Both
are subtracted using template stars and/or ideal-
ized model fits that are detailed in Kalas & Jewitt
(1995).
Subtraction of a smooth, symmetric (axially
and vertically) model disk reveals a brightness en-
hancement along the NE extension of the disk mid-
plane 785 AU from the star (Feature A; Fig. 1;
Table 2). Four field stars common to every data
set are utilized for image registration and astrom-
etry, and the feature is confirmed in every data set
(except the HST PC images, which lack a suitable
field of view). We do not detect a similar bright-
ness enhancement anywhere between 25” and 41”
radius on the SW side of the disk. Feature A
is unlikely to be a background galaxy because it
is amorphous in the unbinned HST images, and
appears extended along the position angle of the
disk.
The NE disk midplane has several more bright-
ness enhancements between 25” and 40” with a de-
gree of positional correlation not present in bright-
ness knots in the field or SW of the star (Fig. 1;
Table 2). The centroids of Features F and G are
spatially correlated to within 0.5” in the highest
resolution images obtained with HST and the Uni-
versity of Hawaii 2.2 m telescope. The morpholo-
gies and positions of feature centroids vary due
to instrumental noise, sub-pixel registration differ-
ences between the observed disk and the idealized
model disk, and the number of pixels binned to
form a final image. Experiments with the data re-
duction techniques show that the latter two effects
can shift centroids by 1 pixel, which is equivalent
to 0.4”-0.6”. These uncertainties are evident even
for the highest signal-to-noise detection, Feature
A (Fig. 1). We identify four more brightness en-
hancements (B, C, D, E; Fig. 1) that appear spa-
tially correlated within these uncertainties. We
expect that more sensitive, high resolution obser-
vations dedicated to imaging this portion of the
disk will help establish the exact number of knots
and their positions. Brightness knots near and
within the SW disk extension are uncorrelated and
can be attributed to noise.
Table 2 gives the measured positions and sur-
face brightnesses of the seven features. Basic char-
acteristics of the midplane structure are: a) fea-
ture A at 40.7” (785 AU) radius is resolved and
extended by ∼4” (∼80 AU), b) feature A shows
the greatest enhancement over the mean midplane
surface brightness (i.e. displays the greatest con-
trast), c) the spacing between features generally
increases with increasing radius, d) the SW disk
midplane does not contain comparable features.
We interpret the observed features as dust den-
sity enhancements along the projected disk mid-
plane.4 The density enhancements may represent
discrete clouds of dust produced by random plan-
etesimal collisions, or a ring system system viewed
4Given the number of faint (23 mag< mR <24 mag) objects
detected in the entire unobstructed field of view, there is
a ∼3% chance that one of the disk features is due to a
background galaxy.
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edge-on. We reason that if random planetesimal
collisions were important, then we would observe
density enhancements on the SW side of the disk
also. Because density enhancements are absent
in the SW midplane, the random collisions mech-
anism may be insignificant, though future work
should perform quantitative tests.
Here we explore the validity of a ring model to
explain the midplane density enhancements. We
assume that the multiple features along the NE
midplane represent nested eccentric rings viewed
close to edge-on. The absence of comparable fea-
tures to the SW of β Pic means that the rings are
not centered on the star. The well ordered nature
of the system of bright features over a radial scale
∼300 AU may be indicative of a global restruc-
turing of the planetesimal disc in the recent past.
Thus, as a first attempt to explain the origin of
such a system, we test how a strong gravitational
perturbation, such as from a close stellar flyby,
might alter the global morphology of an initially
symmetric planetesimal disk. In addition, we re-
quire that the resulting disk morphology qualita-
tively fits the radial and vertical disk asymmetries
known to exist along the same region of the disk
as the proposed ring system.
3. DYNAMICAL SIMULATIONS
We utilize a standard numerical code5 (Mouillet
et al. 1997) to follow ∼ 106 collisionless test par-
ticles that are initialised in circular orbits about a
point-mass potential; this system experiences an
encounter with a secondary point-mass that fol-
lows a prescribed parabolic trajectory. The key
parameters governing the disk response are: the
mass ratio, the pericenter distance q, and the incli-
nation of pericenter to the initial midplane of the
disk i. The test particles are taken to represent the
underlying parent bodies that replenish the dust
through infrequent collisional disruption. We as-
sume that the distribution of simulated particles
traces the distribution of dust grains that would
result from collisions in the real system (Mouillet
et al. 1997).
We find that coplanar encounters distort disk
5We assume an initial r−3/2 radial dependence of surface
number density, and a vertically exponential density profile
with the disk flared such that the scale height is propor-
tional to r3/2.
structure near periastron, leading to the devel-
opment of transient kinematic spiral features.
These are regions of eccentricity growth. Within
a few disk orbital periods of periastron passage
the spiral patterns collapse into generally eccen-
tric nested rings. If the encounter timescale is
sufficiently short, as in relatively close encounters,
then one spiral arm dominates the response. Cor-
respondingly, the disk takes on a lopsided appear-
ance (Larwood 1997). After many orbital periods,
the ring patterns become incoherent through or-
bital phase-mixing. Inside a radius ∼ q/4 the tidal
influence of the perturber is slight; outside a radius
∼ q/3 the interaction rapidly increases in strength
(Hall et al. 1996). Similarly, non-coplanar flyby
encounters excite inclination changes in the orbits
of disk particles (Clarke & Pringle 1993), gener-
ating asymmetry about the midplane (Ostriker
1994).
The stellar mass ratio is taken to be 0.3
throughout the models presented here. The per-
turber therefore has the mass of an M star rel-
ative to β Pic. However, varying the mass ratio
was not found to affect the qualitative outcome
significantly compared with varying q. We inves-
tigated the induced length asymmetry in the disk
as a function of q for coplanar encounters. For a
broad range of viewing angles, the required length
asymmetry (∼ 20%) is produced at a radius corre-
sponding to the initial size of the disk when q is 1.3
times larger than that value. We then considered
various inclinations, i, for the encounter, and com-
pared the resulting isophotal contours with those
from observations, for various viewing angles.
Figures 2, 3, and 4 present the simulation
which best reproduces the observational data. The
model disk is seen 9 orbital periods (at the initial
outer radius) after periastron. Planetesimals have
scattered outwards to several times the initial disk
radius, and show well-defined ringed structure on
one side of the disrupted disk, but not the other,
in agreement with the observations (Fig. 1). In
the edge-on view, model disk isophotes qualita-
tively match the observed asymmetries in length,
width, and height above and below the midplane
(Fig. 3). The rings appear as bumps along the
disk midplane in the edge-on view, with spacing
increasing with radius (Fig. 4).
Ring structure inside computational radius 2
has been eliminated by orbital phase mixing,
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which in the observational data corresponds to
radius∼ 26” (500 AU). The region of relatively un-
perturbed particles, q/4, now scales to ∼ 9”, which
is consistent with the projected radius where disk
asymmetries are observed to begin (Kalas & Je-
witt 1995). Having determined the length unit
we deduce that this model is at a state ∼ 90000
yr after periastron. Since the removal timescale
of dust due to Poynting-Robertson drag is signif-
icantly longer than 105 yr (Backman & Paresce
1993), the distribution of parent bodies will trace
the reflecting dust particles, as we initially as-
sumed.
4. DISCUSSION
The stellar flyby hypothesis provides a simple
explanation for the existence, spacing, and mor-
phology of the brightness maxima along β Pic’s
midplane, as well as the large-scale disk asym-
metries. The pumped up velocity dispersion of
planetesimals may also lead to increased dust re-
plenishment rates, owing to more frequent and de-
structive collisions (Stern & Colwell 1997; Kenyon
& Luu 1999). Therefore, the large total dust mass
around β Pic compared to that of other main se-
quence stars probably results from both its youth
(Barrado y Navascues 1999) and the dynamical
state of the system. Our model for β Pic’s recent
dynamical history implies that the top panel of
Fig. 2 approximates the face-on view of the plan-
etesimal disk.
The encounter distance assumed in the simula-
tion scales to ∼700 AU, implying a statistically
unlikely event (0.01% chance in 106 yr, assum-
ing empirical parameters for the Solar neighbor-
hood; Garcia-Sanchez et al. 1999). However, if β
Pic formed with a bound stellar companion on a
≫1000 AU radius orbit, and it was the companion
that was perturbed by a stellar flyby into a new or-
bit that disrupted the planetesimal disk, then the
flyby probability increases by an order of magni-
tude or more. This scenario is also consistent with
the prograde and relatively small angle trajectory
of the perturber relative to the disk midplane in
our simulation. Ultimately, identification of the
perturber is necessary to validate the stellar flyby
hypothesis. Future work will present a comprehen-
sive, statistical analysis of the relative space mo-
tions and uncertainties for candidate perturbers
using Hipparcos data (Kalas, Deltorn & Larwood
2000).
We note that the orientation of the outer disk
height asymmetry is in the same direction rela-
tive to the midplane as the proposed midplane
warp imaged ∼50 AU from the star (Burrows et
al. 1995). This inner warp could be due to a
planet that is inclined relative to the disk midplane
(Mouillet et al. 1997). The stellar flyby hypoth-
esis offers an alternate explanation for the warp.
The non-coplanar flyby generates planetesimal or-
bits with increased eccentricity and inclination,
which at apastron manifest as the flared disk in
the SW extension. However, as seen in the edge-
on projection, this family of vertically scattered
planetesimals cross the main disk on their way to
periastron at ∼50 AU to the NE of β Pic (Fig.
2). This intersecting ’second plane’ might con-
taminate isophotes from the quiescent inner disk,
giving the appearance of a warped midplane. Hy-
pothetical planets near 50 AU radius may also en-
counter the ’second plane’ planetesimals and de-
liver them to the innermost parts of the system,
leading to an enhancement of cometary activity
(Knacke et al. 1994; Beust et al. 1996).
The main effect of the external perturber is to
scatter planetesimals from their formation sites
outward to greater radii, and vertically away from
the midplane. Roughly 10% of the disk mass is
actually lost to interstellar space in the simula-
tion presented here.6 This rearrangement of the
planetesimal disk was achieved primarily by the
gas giant planets during the evolution of the So-
lar System. However, recent theoretical work links
the high eccentricities and inclinations of Kuiper
Belt objects to close stellar flybys with the young
Sun (Ida et al. 1999). The current state of the β
Pic system may therefore accurately represent an
early evolutionary phase of our Solar System.
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6Escaping particles have velocities ∼5 km s−1, in which case
they could cover the distance between β Pic and the Sun
in ∼4 Myr.
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Fig. 1.— Two of the four data sets used to identify
real substructure along the NE extension of β Pic.
North is up, East is left, and the field of view for
each image is 20”×20”. The left panel shows the
WFC2 data and the right panel shows the Mauna
Kea data (Table 1). Images are registered using
field stars located throughout the entire fields of
view (roughly 200”×200”). The WFC2 data are
binned to 0.4”/pixel, and smoothed with a Gaus-
sian profile having σ = 0.7 pixel, in order to both
match the pixel scale of the Mauna Kea data, and
increase sensitivity to nebulosity. Originally the
images contained the NE extension of β Pic’s cir-
cumstellar disk. The disk was subtracted using a
model of scattered light from a dusty circumstel-
lar disk fit to the global morphology of each disk
extension. After subtraction, most of the disk dis-
appears except for radial substructure that is not
locally fit by the idealized, smooth model disk. We
draw horizontal lines indicating midplane features
that appear spatially correlated to within 2 pix-
els in all the data listed in Table 1. The effects
of noise in modulating the position and morphol-
ogy of features is evident even for the most robust
detection, Feature A. Features F and G also dis-
play 1-2 pixel spatial correlation, but validating
the existence and spacing of features B, C, D, E
requires observations with better sensitivity and
resolution.
Fig. 2.— The face-on and edge-on views of the
simulation particles in the computational frame
centered on the β Pic mass. The horizontal axes
correspond to the line of nodes of the perturber
orbit. Parameters are: q = 2.6, i = 30◦. The disk
is initially distributed between 0.2 and 2 radius
units. The path of the perturber is indicated with
a dashed line and enters the field from the right
hand side. Top panel: The face-on view show-
ing the large scale structure of the perturbed disk.
We plot a random sample of a quarter of the par-
ticles outside a radius corresponding to the initial
disk extent. The sense of rotation is counterclock-
wise, the perturber reaching closest approach on
the vertical axis. Bottom panel: The edge-on view
produced by rotating the top panel 90◦ about the
horizontal axis. One side of the disk is vertically
distended and strongly truncated, whereas the op-
posite side is radially distended with rings. Also,
the disk is slightly tilted with respect to its initial
configuration (i.e. midplane along the horizontal
axis). Viewed with the appropriate orientation,
we identify the short and long sides of the disk
with β Pic’s SW and NE extensions, respectively.
Fig. 3.— Top panel: Isophotal contours for the
simulated disk. The contours are created by pro-
jecting the particle positions onto a plane perpen-
dicular to the simulated line of sight and binning
particles. The brightness for each bin is the sum
of contributions from each particle in the bin, as-
suming isotropically scattered stellar light with-
out extinction. This procedure is used only as
a rough guide to the morphology that would be
seen in a real system in which the scattering sur-
face is provided by dust supplied from planetesi-
mal collisions. The appearance of these contours
was investigated for various viewing angles and we
considered an azimuthal displacement of 165◦ and
inclination to line of sight of 4◦ to yield the most
satisfactory result. We note that the best viewing
angles will depend on the details of the scattering
phase function, the initial disk model, and the dust
evolution model. Bottom panel: The observed sur-
face brightness isophotes of the β Pic disk for the
12 Oct. 1993 coronagraphic data. Isophote spac-
ing is 1 mag arcsec−2 and the outer contour gives
22 mag arcsec−2. The NE extension is oriented
to the left hand side of the occulted star, and the
north side of the disk midplane is upwards on the
page. The bar represents 5” (∼100 AU). The SW
side of the disk is shorter and wider than the NE
side, and isophotes extend higher north of the mid-
plane compared to the south.
Fig. 4.— Top panel: A close-up view of parti-
cles in the simulated NE extension. Bottom panel:
The binned brightness profile along the simulated
NE extension in the top panel. The brightness for
each bin (0.04×0.08) was defined by summing 1/r2
for each particle in the bin, where r is the correct
3-D radius. The brightness unit is computational:
brightness from one particle at unit distance =
1. If we associate feature A found in the β Pic
disk with the density enhancement at 2.92 in the
simulation, then we can explain the radial distri-
bution of all bright features, within observational
uncertainty. Arrows indicate real data, appropri-
ately scaled. Error bars give the 0.6” uncertainty
in the radial position measurements as discussed
in the text. The density enhancement at radius
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3.15 (bottom panel) is not detected in our data.
It contains roughly half the particles of Feature
A and more sensitive observations are required to
test for its presence.
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Table 1: Observations
Telescope Date Spot Pixel Central Integration
Diameter Scale Wavelength Time
(arcsec) (arcsec/pix) (nm) (seconds)
Las Campanas (2.5 m) 02 Feb. 1992 22.5 0.64 647 3900
Univ. of Hawaii (2.2 m) 12 Oct. 1993 6.5 0.40 647 655
HST PC (2.4 m)a 12 Dec. 1995 none 0.05 674 1200
HST WFC (2.4 m)a 15 Oct. 1995 none 0.10 827 600
aHST observations do not use a coronagraph. The HST PC
data have the smallest field of view such that disk is not
detected beyond 32” radius.
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Table 2: Northeast Disk Midplane Structure
Feature Radiusa Surface Brightnessb Enhancementc
(AU) (mag arcsec−2) (%)
A 785 23.5 >20
B 710 23.7 10
C 647 24.1 5
D 608 24.0 5
E 575 24.0 5
F 543 24.0 5
G 506 24.0 5
aConversion of radius in arcsec to AU assumes β Pic is 19.3
pc from the Sun. The position of Feature A is the measure-
ment of its centroid in unbinned HST WFPC2 data (Table
1), with an uncertainty of 5 AU. The positions of Features
B-G are the averages of measurements made in all the data
listed in Table 1, with uncertainties of ∼10 AU.
bAbsolute and relative surface brightnesses are sensitive to
small changes in the position and scaling of the axisymmet-
ric model disk used for subtraction. The estimated uncer-
tainties in the surface brightness measurements are σ ∼ 0.3
mag arcsec−2 for feature A, and σ ∼ 0.5 mag arcsec−2 for
the other features.
cEnhancement is the local contrast between a feature and
a least-squares, power-law fit to a 20” segment of the disk
midplane.
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